Studies on psychological processes such as perception, emotion, cognition, and action have provided considerable understanding of these faculties in the average human, whereas neuropsychological research has focused on acq uired and congenital deficits in humans and lesion studies in animals. In contrast, relatively little attention has been devoted to the mechanisms underlying the exceptional exp ression of human abilities, such as superior mathemat ical or language abilities. In this article, we focus on such enhanced abilities. We attempt to demonstrate how the study of enhanced abilities can advance our knowledge about psychological processes and brain function and org anization, using the examples of time, number, and space. By providing a window onto a wider spectrum of human abilities, such research will allow us to examine questions pertaining to cognitive and neural processes in a more comprehensive fashion that moves away from a categori cal design (impaired abilities in function X < normal abil ities in function X) toward a parametric modulation (low abilities in function X < average abilities in function X < high abilities in function X) and, in turn, provide a finer understanding and characterization of human abilities.
Studies on psychological processes such as perception, emotion, cognition, and action have provided considerable understanding of these faculties in the average human, whereas neuropsychological research has focused on acq uired and congenital deficits in humans and lesion studies in animals. In contrast, relatively little attention has been devoted to the mechanisms underlying the exceptional exp ression of human abilities, such as superior mathemat ical or language abilities. In this article, we focus on such enhanced abilities. We attempt to demonstrate how the study of enhanced abilities can advance our knowledge about psychological processes and brain function and org anization, using the examples of time, number, and space. By providing a window onto a wider spectrum of human abilities, such research will allow us to examine questions pertaining to cognitive and neural processes in a more comprehensive fashion that moves away from a categori cal design (impaired abilities in function X < normal abil ities in function X) toward a parametric modulation (low abilities in function X < average abilities in function X < high abilities in function X) and, in turn, provide a finer understanding and characterization of human abilities.
We start by introducing the phenomena of explicit vis ualization of time and/or number in space (henceforth, TNS synesthesia), a neurological condition with a genetic basis that leads to an overbinding of different features (Asher and others 2009 ). This is followed by an overview of its cognitive and neural mechanisms, together with the gains and costs of such exceptional experiences. We conclude by discussing why this exceptional binding occurs and suggest plausible developmental and evolutionary origins at the brain level.
TNS Synesthesia
Do you see numbers vividly in certain locations in space? For example, do you see the numbers 1 to 10 running from the right to the left and then exhibiting an upward 30° trajectory? Do you disagree with this description because you see numbers in another shape? Perhaps you can see instead numbers, different units of time, such as hours, days of the week, months, or even years in a specific spatial location (Figure 1 an ability that is implicit in the average population (Bueti and Walsh 2009; Cantlon and others 2009; Walsh 2003 Smilek and others 2007; Tang and others 2008) . These studies provide important insights into the ways that time, number, and space are represented by TNS synesthetes and nonsynesthetes.
Box 1. Synesthesia
Synesthesia is not restricted to TNS and is present for a wide variety of psychological processes (e.g., listening to music, seeing a grapheme) that automatically trigger ancillary, exceptional experiences (e.g., color, taste, smells, pain) in the absence of any direct stimulation pertaining to the secondary experience Cytowic and Eagleman 2009; Hochel and Milan 2008; Hubbard and Ramachandran 2005; Rich and Mattingley 2002; Robertson 2003; Robertson and Sagiv 2004; Ward and Mattingley 2006) . For exam ple, for some people who see digits in colors (termed digitcolor synesthesia), an achromatic 7 will appear in a distinct color such as turquoise .
Reports on TNS synesthesia already had appeared at the end of the 19th century by scholars such as Galton (1880a Galton ( , 1880b and Flournoy (1893 For example, there is a striking resemblance between the explicit representation of number and space in TNS synesthetes and their implicit representation in nonsynes thetes. Studies from different countries and educational systems have shown that between 62% and 66% of TNS synesthetes report representing small numbers on the left side and large numbers on the right side (Eagleman 2009; Sagiv and others 2006; Seron and others 1992) . This pre valence is similar to the percentage of nonsynesthetes (65%) who similarly represent numbers implicitly from left to right as the numbers increase, as indicated by the spatial numerical association of response codes (SNARC) effect (Wood and others 2006 ). Yet, TNS synesthetes are singled out by their enhanced ability to consistently and automat ically consciously associate time and/or numbers with space But what advantage, if any, would be carried by an enhanced ability to represent time, number, and space explicitly? This question can provide us with insights into the functionality of the interaction between these dimen sions in nonsynesthetes. Recent studies indicate that there are clear benefits from an explicit representation of these dimensions. For example, it has been revealed that people with timespace synesthesia have enhanced abilities in tasks that relate to time (e.g., month sequences) or space (e.g., mental rotation) (Mann and others 2009; Simner and others 2009) . Critically, these synesthetes did not show enhanced abilities in tasks that were unrelated to their synesthesia (e.g., reading) (Simner and others 2009) . Another study has shown that when timespace synesthetes are asked to learn a new timespace arrangement, their performance is superior to nonsynesthetes (Brang and others 2010) .
Other studies have observed the costs that accompany these cognitive advantages. For example, TNS synesthetes use less flexible strategies to solve a given task if it is not commensurate with their explicit representation. The per formance of monthspace synesthetes is better when the external stimuli are consistent with their monthspace perception. Namely, synesthetes who visualize early months on the left and late months on the right were faster to make lefthand responses to the former and righthand responses to the latter than vice versa, whereas synes thetes who represent early months on the right and late months on the left showed the opposite pattern (Price and Mentzoni 2008; Smilek and others 2007) . Similarly, numberspace synesthetes respond slower when asked to compare the quantity of two numbers when the spatial relationship between the presented numbers is incongru ent with their representation compared to congruent pre sentation of the numbers (Gertner and others 2009; Hubbard 2009; Piazza and others 2006; Sagiv and others 2006) . For example, a TNS synesthete, S.M., represents numbers in ascending order from bottom to top. She was slower when comparing the magnitude of a pair of digits that were presented in descending relative to ascending order on a computer monitor (Gertner and others 2009 ). In addition, although their general arithmetic abilities seem to be intact, numberspace synesthetes display rigidity that leads to under performance when the most efficient way to solve an arith metic problem requires a strategy that is not based on a visuospatial process (Ward and others 2009 ) (e.g., small multiplication problems such as 3 × 3, which are based on rote retrieval, rather than visuospatial abilities, as in the case of subtraction problems; Dehaene and others 2004) .
These studies illustrate how, despite TNS synesthetes' enhanced experience of time, number, and space, this tan gible vivid representation can carry not only some advan tages but also some costs (see also Box 2).
Box 2. The Cost of Exceptional Abilities
Autism is a neurodevelopmental disorder characterized by three major symptoms: impairment in communica tion, deficits in social interactions, and repe titive behav ior. Yet, about 10% of those with autism also display remarkably superior skills, known as savant skills (Happe 1999) . A person with autism, who may be intellectually disabled in many cognitive and social aspects, may possess an exceptional memory for dates, outstanding mathematical ability, or extraordinary tal ent for music (Snyder 2001) .
Recently, a delicate genetic link between synesthesia and savant autism was suggested ( It has been suggested that the level of coherence in processing the world might account for the deficits and assets that savant autistics show, both in experimental tasks and daily life. Specifically, people from the autis tic spectrum have a superior ability to attend to local elements while easily ignoring the whole (Happe 1999) , whereas nonautistic individuals present a pref erence for holistic processing or no preference at all (Kimchi 1992) . What might be the preferential level of processing for TNS synesthetes? Is it reasonable to assume that because TNS synesthetes are able to spatially represent very detailed images of time and numbers, they might also be, to some extent, detail biased like people with autism? Recent studies seem to provide a positive answer. TNS synesthetes who performed a numerical Navon task (Navon 1977) -that is, identifying a large digit (global) composed of small digits (local) and vice versa-were faster at identifying a digit at the local level and were less distracted by interference from the global level compared to controls, who showed no preference for either processing level (L. Gertner, S. Naparstek, and A. Henik unpublished).
These results are in line with a recent study of D.T., a man with Asperger syndrome (i.e., a subtype of the (continued) that the parietal lobe is both sufficient and necessary for TNS synesthesia. In the next section, we focus on plau sible causes for the development of a TNS synesthetic experience.
Evolutionary and Developmental Neural Reuse as the Basis of TNS Synesthesia
Previous theories of synesthesia rooted its origin in excess connectivity between brain areas (Bargary and Mitchell 2008) , probably due to a lack of pruning during infancy (Spector and Maurer 2009) (Simner and others 2006) . The solution as to the origin of TNS synesthesia might be rooted in neuronal reuse theories. In recent years, the idea of neuronal reuse has provided some important imp lications and insights into the functionstructure of brain organization (Anderson 2010) . For example, the massive redeployment hypothesis (Anderson 2007 ) and the neu ronal recycling hypothesis (Dehaene and Cohen 2007) suggest that neuronal reuse constitutes a fundamental evo lutionary (Anderson 2007) or developmental (Dehaene and Cohen 2007 ) strategy for realizing cognitive functions.
More specifically, the massive redeployment hypoth esis suggests that brain areas that evolved initially for other functions reuse these existing structures during evo lutionary development to acquire new capabilities (e.g., in this case, the understanding of numerical and time units; Anderson 2007) . Similarly, the neuronal recycling hypoth esis proposes that cognitive capacities that are culturally invented, such as the representation of numerical and time units, must be learned and that the brain structures that support these capacities must therefore be assigned and/ or shaped during development.
As both representations of time and number are assumed to emerge phylogenically and onthogenically later than autistic spectrum), who has a savant memory for num bers and exceptional skill for mathematical calcula tions. In addition, he also has a form of synesthesia in which he experiences numbers in specific shapes, col ors, and textures (Bor and others 2007) .
In conclusion, the ability to focus on local details might be a common denominator of both savant autis tics and TNS synesthetes. This propensity might serve as a platform through which we can learn more about these two types of exceptional abilities, their relation to each other, and the benefits and costs of cognitive and perceptual enhancements.
Neural Processes of Time, Number, and Space
Previous studies that examined the neural bases of time, number, and space in healthy nonsynesthetic adults con cur that the parietal lobes, particularly the intraparietal sulcus, play a crucial role in processing these dimensions, probably via overlapping neuronal populations that encode time, number, and space (Bueti and Walsh 2009; Cantlon and others 2009; Cohen Kadosh and others 2008; Walsh 2003) . On the basis of these findings, one can predict that if TNS synesthetes' enhanced ability to spatially represent time and numbers is quantitatively different from non synesthetes, then the parietal lobes will also show local modulation of activations in these participants that differs from nonsynesthetes. A study on numberspace synes thetes gave support to this idea by finding increased acti vation of the parietal lobes in synesthetes as compared to nonsynesthetes in an ordinal task with numbers (Tang and others 2008) . Another study found that damage to the left inferior parietal lobe and the superior temporal lobe led to elimination of TNS synesthesia (Spalding and Zangwill 1950) . In this case, A.L., a 24yearold man who had several types of TNS synesthesia, was wounded as a metallic foreign body entered the left side of his brain. A.L. reported several difficulties, including the disappearance of his synesthetic experiences of number space and timespace. In addition, he also exhibited severe acalculia that was not attributable to verbal deficits. Remar kably, his acalculia was different from the acalculic beha vior that is exhibited by nonsynesthetic patients with similar damage (Lemer and others 2003; Willmes 2008) , who tend to exhibit a dissociation between multiplication and subtraction. However, his acalculic performance is predictable if he and other TNS synesthetes calculate dif ferent arithmetic problems, including multiplication and subtraction, via their numberspace forms. This is in line with recent findings that we described in the previous section (Ward and others 2009) . These results indicate spatial representations, they will be based on the same neuronal substrates that are dedicated to space. These regions, in turn, will slowly emerge to represent time and numbers. In this view, the origin of TNS synesthesia may result from a failure of the full implementation of this reuse. That is, the foundation of TNS synesthesia is based on a lack of neuronal specialization (to a certain degree) in the parietal lobes for processing number or time as opposed to space. Such a hypothesis can also explain why there is a strong relationship between number, time, and space in nonsynesthetes (Brang and others 2010; Bueti and Walsh 2009; Cantlon and others 2009; Cohen Kadosh and others 2008; Hubbard and others 2005; Walsh 2003) . That is, these abilities are initially built on a common mechanism and specialize as a function of development. Moreover, in nonsynesthetes, there might still be some commonalities in the shape of neuronal populations that code time, number, and space indifferently, although to a lesser extent than in TNS synesthetes (Figure 2 ). This idea is supported by the behavioral and neuroimaging evi dence discussed here and elsewhere (Brang and others 2010; Bueti and Walsh 2009; Cantlon and others 2009; Cohen Kadosh and others 2008; Hubbard and others 2005; Walsh 2003 ).
In addition, our hypothesis can explain why it is so rare (if not impossible) to find numbertime synesthesia, as both are processing mechanisms acquired later in life and are evolutionarily younger. Moreover, it provides an account as to why only some stimulus types are more likely to trigger ancillary experiences, rather than the opposite; the directionality of most types of synesthesia, including TNS synesthesia, seems to be from "newer" functions (e.g., word) to "older" abilities (e.g., color perception). That is, representations in a newer domain are more likely to be mapped onto representations in an older domain, an idea that may account for the low prevalence of bidirectionality The greater the overlap between these colors, the greater the overlap between these dimensions at the neural level. (A) In infants and animals, this overlap seems to be quite extensive. However, it seems to still exist but to a lesser degree in adults due to neural specialization (Bueti and Walsh 2009; Cantlon and others 2009; Cohen Kadosh and others 2008; Feigenson 2007; Nieder and others 2006; Walsh 2003) . (B) In the case of synesthetes, it might be that this neural reuse/specialization does not exist or at least exists to a lesser degree, therefore leading to the strong coupling between these dimensions. The brain figure has been modified from Maurizio De Angelis, Wellcome Images.
among synesthetes . To conclude, we suggest here that TNS synesthesia might originate from a failure to reuse the neuronal substrates for space to acquire the representation of accurate num ber and time units. This demonstrates an ironic case of a superior/enhanced cognitive ability caused by a failure of the neural system.
Conclusions
We have described here an exceptional ability-to repre sent number and/or time in space. We suggest that a bet ter grasp of this ability can enhance our understanding of the cognitive and neural processes underlying time, num ber, and space in the average human and in those with acquired or congenital deficits. We show how synesthe sia provides a quantitative difference of implicitly occur ring processes in nonsynesthetes. Future integration of scientific evidence of exceptional abilities with our know ledge of normal and impaired functioning will allow for a fuller characterization of time, number, and space, as well as many other cognitive functions. Moreover, a better understanding of the development of TNS synesthesia will yield insights into the phylogenic and onthogenic prin ciples of brain organization for time, number, and space. Extending the research on synesthesia to other domains, such as research in anthropology, or on typical and atypical neurodevelopmental conditions (Boxes 2 and 3), can pro vide valuable information that will advance our knowledge of the connections between time, number, and space. • What is the connection between mental imag ery and TNS (Price 2009 
